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For this thesis the effects of strain on excitons in organic thin film semiconductors is investigated.
A hollow-capillary pen writing technique was used to create highly ordered thin films deposited
on a flexible substrate. Metal-free octabutoxy-phthalocyanine (H2OBPc) was chosen for this
study because it forms long chains of molecules with strong π − π interactions. Absorbance and
linear dichroism measurements were performed on films with varying levels of strain applied along
the stacking axis, with the total strain averaging 8%. A k-vector study was also conducted to
investigate whether the molecular stacking angle is changing due to strain. It was hypothesized
that strain applied along the stacking axis would cause a peak shift in the absorbance spectrum,
and could potentially cause a shift in the molecular stacking angle of each molecule relative to
the substrate. Red-shifting of the exciton peaks was observed in both the absorbance and linear
dichroism spectra. An overall reduction in the linear dichroism was observed regardless of the
incident angle in the k-vector study, indicating that the molecular stacking angle is changing.
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1.1 Thin Film Organic Semiconductors
Semiconductors are some of the most important materials in our technology dominated society,
used for light emitting diodes (LEDs), solar cells, CPU’s and more [1]. Most semiconductors are
made with silicon, since it is fairly abundant and its semiconducting properties can be easily tuned
by adding phosphorus or boron in varying quantities. While silicon is an excellent semiconductor
it has some drawbacks. Silicon is expensive to produce since it requires a high energy purification
process, and high temperatures during fabrication eliminate the possibility of depositing it on a
flexible substrate [2]. Organic semiconductors have the potential to be a lower cost alternative
in applications like solar cells or LEDs and can be deposited on a wider range of substrates like
glass, plastic or metal foils [3]. Organic semiconductors deposited on plastics or foils could lead
to development of flexible electronics or biosensors. The materials most commonly employed as
organic semiconductors are π-conjugated polymers which have large exciton binding energies [4].
An exciton is a bound electron-hole pair that forms when an electron moves to a higher energy
level. These pairs are neutral particles so they cannot directly conduct charge, however they
diffuse through the materials and eventually dissociate at a boundary between an electron donor
and an electron acceptor material also known as a D-A heterojunction. Exciton dissociation is
vital to the function of photovoltaics such as solar cells and organic LEDs (OLEDs). In solar
cells, photons from the sun create excitons which then dissociate to generate current. In OLEDs
the reverse happens, current creates excitons which then recombine radiatively. Since excitons
are directly linked to charge transport in these materials, it is beneficial to understand the prop-
erties of these excitons and how various factors (i.e. strain, doping) affect them. Research began
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on organic semiconductors in the 1960s, and in 1977 Alan J. Heeger, Alan G. MacDiarmid and
Hideki Shirakawa discovered how to synthesize highly conductive doped polymers which won
them the Nobel prize in Chemistry in 2000 [5] [6]. This finding made organic semiconductors a
viable option for many cost effective applications such as organic solar cells and organic LEDs
(OLEDs). Other notable discoveries include C.W Tang’s two layer organic solar cell and Koezuka
and coworkers organic field effect transistor [7] [8]. Tang’s solar cell showed that organic semi-
conductors could be used to make inexpensive and environmentally friendly solar cells. There
have been many advancements in technology utilizing organic semiconductors, and now major
phone manufacturers such as Apple, Samsung and Google all use OLEDs in their phones [9].
This project relies on previous studies of excitons in small molecule semiconductors conducted
in the Furis Lab [10] [11] [12] [13]. These studies concluded excitonic states are delocalized
over distances as large as 30 nanometers, which would make them susceptible to strain. The
goal of this study was to investigate the effect of strain on excitons in small molecule organic
semiconductors. Our hypothesis is that strain would alter the spacing between molecules in the
thin film crystalline phase and change the molecular stacking pattern which, in turn alters the
excitonic states. Devices made with flexible substrates will undergo some kind of strain during
use, so understanding how this strain will affect the exciton states and more importantly how
controlled strain may be employed to tune excitonic properties is vital.
1.2 Excitons
1.2.1 Exciton Theory
Since this study focuses on the effect of strain on excitons in small molecule semiconductors, an
explanation of basic exciton physics is warranted. As stated before, an exciton is an electron-hole
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pair that forms as a result of photo-excitation or electrical injection. The concept of the exciton
was first introduced by Yakov Frenkel in 1931 [14]. Excitons act as a quasi-particle, with a




mh∗ where me∗ and mh∗ are the effective masses of the electron and
hole respectively. In the most basic approximation that neglects inter-molecular interactions, a
crystal can be modeled as an oriented gas [14]. Frenkel’s exciton model treats intermolecular
interactions in molecular crystals as small perturbations. As a result, an exciton is localized
on a single molecule since the radius of the exciton is much smaller than the lattice spacing
in the crystalline phase. Frenkel excitons represent one of two well understood exciton models.
The other model is the Wannier exciton, which has a radius extending over many lattice sites
and hence easily diffuses inside a crystal over distances as large as a micron [14]. When talking
about Wannier excitons band theory is used, so a photo-excitation causes an electron to move
from the valence band into the conduction band, leaving behind a hole. In the case of Wannier
excitons the interactions between molecules can no longer be treated as small perturbations.
Wannier excitons behave like a dipole bound by a Coulombic attraction [14]. The Wannier
model is most applicable with inorganic semiconductors where the interactions between atoms
are very strong (ionic or covalent bonding). The materials used in this study fall between the
two extremes of Frenkel and Wannier excitons; their excitons are not completely delocalized but
there is still a significant inter-molecular interaction that renders the Frenkel model inadequate
Moreover, the intermolecular interactions are as strong as the coupling between electrons and
crystal lattice vibrations. This introduces a second significant energy scale that cannot be treated
as a perturbation to the intermolecular interaction.
In the 1D oriented gas model with identical molecules in the unit cell, the number of distinct
exciton states originating from a single molecular exciton is equal to the number of molecules
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in the crystalline unit cell [14]. This phenomenon is called Davydov splitting [14]. This energy
splitting between the excitonic states is predicted by solving the Schrödinger equation for the
energy operator ∆H = H − E where H is the energy operator of a crystal with fixed molecules
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Figure 1: Dipole Moment of quantum transitions in one-dimensional crystal containing two
molecules in the unit cell
The transition dipole moments associated with the crystal exciton states for this system as



















dα = 〈ψfα|exα|ψ0α〉 (3)
For ka  1, the vector ~p1 is perpendicular to the basis vector of the crystal and the ~p2 is
parallel to the stacking axis [14]. If ka  1, then the exponential term in the equation for ~p2
goes to 1, and since d1 is equal to d2 in the case described in figure 1, ~p2 is zero and therefore
optically forbidden. Many small molecules however, have very strong intermolecular interactions
along certain crystalline directions, which leads to added complexity in the Hamiltonian. These
interactions and the coupling to vibrations leads to lifting of degeneracies and causes the parallel
dipole ~p2 to be allowed.
1.2.2 Excitons in OBPc
The material used in this study is 1,4,8,11,15,18,22,25-octabutoxy29H,31H-phthalocyanine (H2OBPc)
also referred to as metal free OBPc due to the absence of any metal ions in the molecule. This
molecule was chosen because it crystalizes in very ordered long chains and we have several pre-
vious studies of OBPc to refer to. In ordered crystalline films the molecules stack in a j-like
aggregate configuration with π − π stacking [15]. Figure 2a is diagram of the phthalocyanine
molecule and Figure 2b is a diagram of the unit cell and the molecular stacking pattern along
the (110) crystalline axis of H2OBPc.
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(a) The Phthalocyanine Molecule
(b) Crystalline structure of H2OBPc.
There are two molecules in the unit cell
and the stacking axis is parallel to [110]
Figure 2: Phthalocyanine
Selection rules for H2OBPc are similar to the ones predicted by Davydov, they dictate that
light is not absorbed along the stacking axis which is appropriately named the dark axis. H2OBPc
has two molecules per unit cell so the oriented gas model predicts that there are two band-gap
states present in OBPc for each molecular exciton state, one polarized parallel to the stacking
axis and the other polarized perpendicular to it [10]. Within the Davydov oriented gas model the
exciton polarized parallel to the stacking axis is therefore optically forbidden. Photoluminescence
data shows however, that at low temperatures there are two optically-active exciton states, one
delocalized and one localized [10]. The delocalized emission is allowed because of degeneracy
lifting due to intermolecular interactions. Exciton-phonon interactions localize the exciton i.e.
work against intermolecular interactions causing this delocalized exciton to disappear around
150K [10]. Linear dichroism, which measures the difference in absorbance between light polarized
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in two orthogonal directions, showed that this temperature induced change is accompanied by a
change in the stacking angle δ (see figure 1) [10].
Strong intermolecular interactions along the stacking axis combined with coupling between
excitons and crystal vibrations result in a more complex picture of excitonic states in crystalline
H2OBPc. One method to find all of the exciton states in a crystal is Magnetic Circular Dichroism
(MCD), which measures the difference in absorbance between left and right circularly polarized
light. A low temperature MCD spectrum of H2OBPc in the thin film phase reveals seven exciton
states [11]. Figure 3 shows the MCD spectrum measured in the Furis lab and the seven transitions
revealed using a gaussian fitting. The 920 nm peak is also observed in the photoluminescence
data and corresponds to the delocalized exciton [10].
1 INTRODUCTION 8
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Figure 3: MCD Data for H2OBPc with fitted gaussian functions. There are 6 B-term
(non-degenerate states) and one A-term (degenerate state) at 750 nm which is a combination of
the gaussian fittings at 737 nm 766 nm.
The MCD data was fitted based on theoretical treatments of phthalocyanines and on the
MCD experiments done by Hollebone & Stillman [11]. In their paper on MCD in metal free
phthalocyanines Hollebone and Stillman found evidence of four exciton features at 8K [16]. In
the spectral region of 800-1000nm Hollebone and Stillman were only able to resolve two peaks, and
claimed one of them was an A-term (degenerate state) and the other a B-term (non-degenerate
state) [16]. We however were able to resolve four B-term peaks. The other two features very
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closely resemble the peaks at 737 nm and 766 nm which Hollebone identified as an A and B-
term respectively. Figure 4 details how these seven features contribute to the total absorption.
Hollebone and Stillman showed that the A-term excitons were degenerate dipoles polarized in the
plane of the molecules while the B-term excitons were linearly polarized singlets (non-degenerate
states).





















Figure 4: Absorption Data for H2OBPc with fitted peaks
Figures 3 and 4 were provided courtesy of Libin Liang (UVM Ph.D. Material Science). The
two most noticeable peaks in the absorption data are located at 752 nm and 855 nm. The peak at
855 nm is the combined contributions from the 831 nm and 872 nm MCD-active states, while the
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750 nm absorbance peak corresponds to the A term state found in the MCD. The 920 nm peak
has reduced significantly in intensity due to the absorption being measured at room temperature.
The MCD data therefore identifies which regions of the absorbance spectra correspond to certain
excitonic states present in metal-free OBPc and how they contribute to the average absorbance.




Delocalized excitons are highly desirable in organic semiconductors and they only appear in
ordered structures, as defects in the film trap excitons [17]. Common deposition techniques such
as spin coating or evaporation create a disordered film with many grain boundaries, unsuitable
for the observation of delocalized excitons. Ordered films with large grains enable us to use
optical techniques to study the exciton states within a grain while avoiding the disordered region
around a grain boundary. To achieve films with these long grain boundaries a hollow pen writing
technique was used [18]. This solution based deposition technique involves a five millimeter wide
hollow glass capillary that deposits the solution onto the substrate. Figure 5 shows the hollow
pen capillary deposition of OBPc on glass. The capillary is lowered to the moving stage until the
meniscus makes contact with the substrate, and then as the stage is moved viscous forces pull
the solution out of the capillary. The solvent evaporates leaving behind the crystalline thin film.
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Figure 5: Hollow Capillary Pen Writer writing an OBPc film on a glass slide. The glass
substrate is translated under the capillary at a constant speed correlated with the solution
concentration
Before the optical experiments could begin the films had to be optimized. A variety of
concentrations and writing speeds were tried, keeping in mind that as the concentration increases
higher writing speeds are required [19]. Figure 6 illustrates the deposition optimization process
on Kapton (flexible polymer) substrate in comparison to an optimized deposition on glass.
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(a) 1.0% OBPc 13µm/s (b) 1.5% OBPc 13µm/s
(c) 1.0% OBPc 15 µm/s (d) 0.5% OBPc 19 µm/s
(e) 2.0% OBPc 13 µm/s on glass
Figure 6: Film Optimization on Kapton, with Pure OBPc on Glass as reference. The large
grain orientation is preserved for the flexible substrate. Image d represents the optimized film.
Images were taken using a microscope with a polarized light at 5X magnification.
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We were able to reliably create good films with a 0.5% by weight solution of OBPc in toluene.
When creating the solution a quantity of purified OBPc was weighed, and then the appropriate
amount of toluene was added to reach the desired concentration. The solution was then loaded
into the capillary and held in by capillary forces. The substrate was placed on a moving stage
under the capillary, which then was lowered until the meniscus made contact with the substrate
and the substrate was moved at a constant speed of 19µm/s. Initially films were deposited on
untreated Kapton attached to a piece of glass. After treating the Kapton with triethoxyphenyl-
silane (PTS) we were able to achieve satisfactory quality control & reproducibility due to the
PTS creating a more hydrophilic surface for film deposition [19]. The treatment was conducted
by depositing a small amount of PTS on a piece of Kapton placed on a hot plate. The Kapton
was heated at 100◦C to evaporate off the excess PTS. Once the substrate was dry, it was loaded
into the device used for stretching to keep the film flat during deposition. The same process
was repeated as before. Thinner films were obtained when we reduced the concentration to 0.3%
and found the optimum speed again which was 15µm/s. The optimized film show large oriented
grains as seen in Figure 6d.
2.2 Absorption & Linear Dichroism Measurements
To measure the Absorption and Linear Dichroism (LD) spectra a tunable, quasi-monochromatic
tungsten halogen light was used. Figure 7 details the design of the system used.
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Figure 7: Experimental setup for Absorption and LD measurement
We measured the absorption and the LD for wavelengths in the range of 500-1000nm to
capture the three main absorption peaks at 700, 750, and 855nm. An in-site telescope was used
to monitor the location of the beam ensuring that data was collected from a spot in the center of
a grain to avoid the disordered regions at the grain boundary. To measure the LD, the light was
first vertically polarized, and then passed through a Piezo-Electric Modulator (PEM). The PEM
rapidly modulates the polarization orientation at a frequency of 100 kHz from 0◦to 90◦. The
difference in absorbance of polarized light is then recorded by the detector. The overall average
absorption was recorded using the same system with the linear polarizer removed and the PEM
turned off. For each spot on a film, the half-wave plate was rotated to maximize the LD at that
location and the angle was recorded. LD and absorption were measured with the half-wave plate
rotated at +10◦, -10◦, +35 ◦and -35 ◦with respect to the maximum LD orientation to eliminate
artifacts associated with thin film interference. After the LD and absorption were measured at
these four angles, the beam was moved off the film and onto the substrate to take a background
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absorption measurement. The film was then stretched by rotating the dial on the stretching
device and the process was repeated (see figure 8). After four rotations with the film being
stretched 0.8 mm per rotation, on average we achieve a strain of 8%. The strain is calculated by
dividing the distance stretched by the length of the relaxed film in the holder.
Figure 8: Device used to stretch the film. One rotation of the black dial stretches the film by
0.8mm
K-Vector studies can also be conducted using this setup. A k-Vector study was done with the
LD in order to establish whether the LD is changing due to a change in the molecular orientation.
The k-Vector is the vector of propagation of the incident light, with the electric and magnetic
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fields perpendicular to it. We defined the lab axis with the z axis along the incident light, the
x axis parallel to the table and the y axis perpendicular to the optical table. For the k-vector
study the sample was aligned in three positions: normal to the incident light (k-vector), rotated
-30◦in the x-z plane and +30 ◦in the x-z plane. The absorption and LD were measured at each
of these angles as described above for a series of distinct strain values ranging from 0 to roughly
8%.
2.3 Absorption & Linear Dichroism in Small Molecules




I0 represents the incident intensity of the light, I represents the transmitted intensity, and d is
the thickness of the film. The absorbance can then be calculated by rewriting equation 4 to solve
for α. After averaging the data taken from the four angles, the absorption is calculated using
the background measurement for I0.
αd = −ln( I
I0
) (5)
Since the exciton transition dipoles are polarized, they will interact with polarized light differently
depending on their angle relative to the polarization axis. The absorbance is proportional to the
square of the dot product between the electric field of the incident light and the exciton dipole
moment, as shown in equation 6.









LD ~ cos2θ (sin2ϕ− cos2ϕ)
Figure 9: Diagram of Dipoles in Phthalocyanine. θ represents the out of plane angle, and φ
represents the angle of the stacking axis with the lab x axis.
The largest absorption will therefore occur when the the polarized light is parallel to the dipole
moment. As said earlier, LD measures the difference in absorbance between light polarized in two
orthogonal directions. Therefore it can be used to determine the orientation of exciton dipoles
in materials, as long as the transitions are optically allowed. The introduction of a piezo-electric
modulator (see section 2) allows the use of a lock in detection method with a superior signal to
noise ratio. Figure 9 details the geometry of an LD measurement for a planar molecule such as
H2OBPc where the optically-allowed dipoles are confined to the molecular plane. The equation
for the linear dichroism can also be written as equation 7.
LD ∝ cos2(θ)(sin2(φ)− cos2(φ)) (7)
In this equation φ is the in-plane orientation of the dipole and θ is the out of plane orientation




We hypothesized that applying strain to the sample along the stacking axis would alter the
exciton energy and potentially change the stacking axis angle. Figure 10a shows the absorption
spectra for 0.5% H2OBPc strained along the stacking axis for different strains. Figure 10b
focuses on the 855 nm excitonic peak. There is a clear indication of a red shift as the film is
stretched. This peak shift was observed in every sample measured, regardless of concentration
(see figs A14 - A17).
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(a) OBPc Absorption Spectrum
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   0.0%
   1.8%
   3.5%
   5.3%
   7.1%
(b) OBPc Absorption around 855 nm peak
Figure 10: Absorption Spectrum for 0.5% Pure OBPc. As strain increases we see a noticeable
red shift in the peak indicating that the energy is decreasing
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To find exactly how much the peak was shifting, the built in peak fitting function in Origin
was used. For most films, the peak did not shift in position until after a strain of approximately
3.5% was applied. For strains larger than 3.5%, the peak was shifted to 860 nm. It was unknown
whether the shift was gradual as the film was stretched or if it was a sharp onset as the absorption
was collected every 5 nm. To test this a scan was done from 800 to 900 nm with a 1 nm step.
Figure 11 shows the absorption curves from this scan. For this sample we saw an overall 10 nm
red shift in the 855 nm feature. The peak also appears to shift gradually as the film is stretched.







        Strain (%)  Peak Wavelength
   0.0%              853 nm
   2.2%              854 nm
   4.4%              856 nm
   6.6%              860 nm
   8.8%              863 nm
Figure 11: OBPc Absorption at 855 nm with 1 nanometer resolution and peak wavelength
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A second interesting result is obtained from the absorption data shown in Figure 12.




















            inc. angle   Strain (%)
   -30o            9.0%
    +0o            9.0%
  +30o            9.0%
   -30o            0.0%
    +0o            0.0%
  +300            0.0%
Figure 12: Absorption spectra recorded in the k-Vector Study. The 750 nm feature shows strong
dependence on the incident vector orientation, while the 855 nm feature varies only slightly.
The 750 nm and 690 nm peaks vary greatly with the change in the k-Vector, while the
855 nm peak only changes by a small amount. This indicates that the 750 nm and 690 nm
features correspond to transition dipoles that have components parallel to the z-axis i.e. normal
to the plane of the substrate. The 855 nm excitonic state, as predicted by the Davydov model,
is polarized perpendicular to the stacking axis in the plane of the substrate, so it is mostly
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unaffected by a change in the k-Vector.
3.2 Linear Dichroism Results
Linear Dichroism experiments can elucidate whether the molecular orientation is varying, fur-
thermore dividing the LD by the average absorbance accounts for effect of the film thickness on
the LD. Figure 13 shows the LD data from the k-Vector study. As with the absorption data, the
750 nm peak varies greatly with the incident angle while the 855 nm peak remains mostly the
same value.
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            inc. angle   Strain (%)
   -30o          0.0%
      0o           0.0%
    30o           0.0%
   -30o           9.0%
      0o           9.0%
    30o           9.0%
Figure 13: LD divided by the Absorbance from the k-Vector Study. The 750 peak varies greatly
with the incident angle, and there is a consistent drop over all angles in LD as strain increases
There is a consistent drop in the LD across all angles. Since this happens regardless of the
incident angle, this drop must be due to the change in the cos2(θ) term of LD (see equation 7).




Studying the effects of strain on small molecule semiconductors and in particular the effect of
strain on excitonic properties is challenging experimentally. There are still many unanswered
questions such as how would the strain-induced change in the stacking angle affect the coherence
length of delocalized excitons. Such a study would require a straining mechanism that produces
8% strain at cryogenic temperatures, compatible with typical confining geometries of vacuum
cryostats. Typical high pressure studies for inorganic semiconductors are conducted in diamond
anvil cells that are not suitable for flexible electronics studies. Never the less there are experiments
we can conduct at room temperature. The next steps for this investigation include fitting peaks
to the k-Vector LD data to better understand how the excitonic states are changing in intensity
with both strain and the change in the incident angle, which would lead to finding the exact
change in angle of the molecular stacking axis. The orientation of the 750 nm dipole is still
unresolved so an experiment will have to be developed to determine this orientation. We did
however, successfully determine that strain shifts exciton energies, and does alter the exciton
dipole orientation. This has exciting implications as strain could potentially shift the stacking
axis enough to allow the delocalized exciton at 920 nm to survive up to room temperatures as
reported in the paper by Rawat et al. [10]. While efforts have been taken to determine the effect
of strain on transistors and devices, relatively little work has been done to probe how strain
affects the excitonic states in organic semiconductors. This thesis lays a foundation for that
study, and will inform future experiments.
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Figure 14: Sample 14 0.5% OBPc Absorbance spectra
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Figure 15: Sample 15 0.5% OBPc Absorbance spectra
A APPENDIX A: FIGURES 29
















        Strain (%)
   0.0%
   1.9%
   3.8%
   5.7%
   7.6%
(a) OBPc Absorbance Spectrum













        Strain (%)
   0.0%
   1.9%
   3.8%
   5.7%
   7.6%
(b) OBPc Absorbance around 855 nm peak
Figure 16: Sample 26 0.5% OBPc Absorbance spectra. This was one of the samples where the
750 peak was much stronger than the 855 nm peak, however the shift is still visible
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Figure 17: Sample A5 0.3% OBPc Absorbance spectra
